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ABSTRACT
Hayes, Abigail Eileen. The effect of head size on canine brainstem auditory evoked responses.
Unpublished Doctor of Audiology doctoral scholarly project, University of Northern
Colorado, 2023.
The brainstem auditory evoked response (BAER) test is a commonly used objective tool
for estimating hearing sensitivity in newborn humans and could be a useful diagnostic test for
humans who are unable or unwilling to participate in behavioral audiometric testing. The BAER
test is currently the gold standard for testing domestic canine hearing and could similarly be used
either as a screening tool or diagnostically. The test procedure is minimally invasive and could
provide ear-specific estimates of hearing sensitivity. While the general morphology of the
waveform resulting from a BAER test is generally agreed upon, questions remain regarding the
expected latency values of the response. Latency values might be used to guide waveform
detection that then determines a pass or refer result on a screening test or to evaluate the presence
of a pathology on a diagnostic test. Thus, determining expected latency values for this species is
needed given the importance placed on the BAER testing procedure. Domestic canines exhibit a
variety of body sizes and head shapes that might affect this electrophysiologic measure. Previous
research has been equivocal on the effect of head size on BAER waveforms.
The purpose of this doctoral scholarly project was to examine the effect of head size on
three components of the BAER result: the absolute latency of Wave I, the absolute latency of
Wave V, and the Wave I-V interpeak latency. Thirty-four dogs between the ages of one and eight
years with suspected normal hearing were divided into three groups based on measured head size
(small, medium, and large). Brainstem auditory evoked response waveforms were collected and
iii

analyzed from the right ear of each subject. A correlational analysis was performed examining
the relationship between head size and the absolute latencies of Waves I and V and the Wave I-V
interpeak latency. A limited relationship was observed with head size explaining up to 29.84%,
25.26%, and 22.68% of the variation in these latencies, respectively. Notably, the strength of the
relationship between these variables diminished when using an alternative measure of head size
(head width) or when measuring the latency of Wave V by the peak alone and ignoring the
presence of a shoulder on that wave. These differences might account for the equivocal findings
in the literature on the effect of head size on the BAER test in canines. It is recommended that
future researchers standardize the measurements used for both head size and wave latency as
well as account for differences in latencies observed due to head size when determining
normative values for adult canines.
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CHAPTER I
INTRODUCTION
Brainstem auditory evoked response (BAER) testing is the gold standard for evaluating
auditory function in canines. This test provides an objective measure of auditory function by
presenting stimuli through insert earphones to each ear and examining the resulting
electrophysiologic activity of the brainstem (Webb, 2009). In this way, ear-specific information
can be obtained regarding the neural integrity of the auditory system as well as an estimate of
hearing sensitivity. The BAER test output is visualized as a waveform displaying up to five
predominant peaks. These peaks are referred to as Waves I-V. Various measures exist to
evaluate the BAER waveform for neurodiagnostic or hearing threshold estimation purposes.
This study primarily examined the latency of Waves I and V, defined as the time between
stimulus onset and the peak of the wave, and the time elapsed between the peaks of Waves I and
V, termed the Wave I-V interpeak latency.
Canines can exhibit permanent hearing loss due to a variety of etiologies including
genetic factors, exposure to noise or ototoxic agents, age-related hearing loss, as well as
transient hearing loss due to otic pathologies such as otitis media (Strain, 2012). Brainstem
auditory evoked response testing detects this hearing loss in a predictable pattern depending on
the nature of the loss and otic structures affected. Since canines are selectively bred by humans
to maintain breed standards and rely on hearing to perform services for humans with disabilities
or for the military, monitoring a dog’s hearing status is valuable. The Orthopedic Foundation for
Animals (OFA) is a non-profit organization that maintains records of hereditary disorders in
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canines including congenital hearing loss; for this reason, the only acceptable form of hearing
evaluation is the BAER test (Scheifele & Clark, 2012).
Due to the importance placed on BAER testing canines, a need exists for establishing
normative values for BAER responses. Normative values provide cutoffs for the absolute and
interpeak latencies of the response, which might be used as criteria to distinguish a normal
response to the stimuli. While the expected morphology of the response is generally accepted
(Scheifele & Clark, 2012; Webb, 2009), questions remain regarding latency values for the
response. Since this procedure measures neural activity that takes place milliseconds after the
presentation of a stimulus, differences in anatomy might alter the latency at which the neural
response appears, affecting the interpretation of the waveform as normal or abnormal. Domestic
dogs are one of the most polymorphic species known, ranging greatly in size, weight, and
skeletal conformation (Evans et al., 2016). The size of a dog’s head is particularly relevant to
BAER testing as after the stimulus is presented, it would propagate through structures in the
skull to neural structures, which would differ in length to accommodate differences in skeletal
size.
Previous research examining whether head size had a significant effect on BAER
latency has been equivocal. Meij et al. (1992) and Shiu et al. (1997) found BAER latencies
differed significantly based on head size in canines. However, Munro et al. (1997) and Kemper
et al. (2013) conducted a similar study and found no significant differences in latency based on
head size. Many authors have used this information to justify not grouping participants based on
head size or indeed not collecting information on head size. Confirmation of whether or not
head size has a significant effect on BAER latencies is crucial to establishing normative data for
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canines, ensuring the outcome of the BAER test is standardized in its interpretation across
testing sites.
In summary, the BAER test is the most widely used method of assessing canine hearing
but the interpretation of test results, especially determining what latency values constitute
normal or abnormal responses, has not been standardized. A key factor in determining what
normative values for latency may be is to establish if head size, which varies greatly among
canines, has a significant impact on the resulting waveform. The purpose of this study was to
examine the effect of head size on three components of the BAER result: the absolute latency of
Wave I, the absolute latency of Wave V, and the Wave I-V interpeak latency.
Research Questions
Q1

What effect does head size have on the absolute latencies of Waves I and V in
canine BAER waveforms?

Q2

What effect does head size have on the Wave I-V interpeak latency in canine
BAER waveforms?

Q3

What effect does the method of head size measurement have on assessing the
relationship between head size and BAER waveforms?
Hypotheses

H1

The absolute latency of Wave V of the BAER waveform will increase as the
canine’s head size increases.

H2

The absolute latency of Wave I of the BAER waveform will increase as the
canine’s head size increases.

H3

The Wave I-V interpeak latency of the BAER waveform will increase as the
canine’s head size increases.

H4

The method of head size measurement will not have a significant impact on the
strength of the association between head size and BAER latencies.
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CHAPTER II
REVIEW OF THE LITERATURE
Introduction to Canine Hearing
Canines are a diverse clade with a unique relationship to humans. Canines include wild
predators like gray wolves, coyotes, and foxes but approximately 11 to 16,000 years ago, our
hunter-gatherer ancestors began the process of domestication, resulting in the domestic dog we
now know as Canis familiaris (Freedman et al., 2014). Following centuries of domestication
and selective breeding by humans, canines that initially looked wolf-like became one of the
most polymorphic species on the planet with members as small as Chihuahuas and members as
large as Irish Wolfhounds (Evans et al., 2016). Indeed, the American Kennel Club (2006)
recognizes 153 distinct breeds representing groups of dogs from similar breeding stocks
selected to have distinctive features. While all the same species, these breeds demonstrate
differences in size, coat pattern, skeletal conformation, and muscle development (Evans et al.,
2016). Additionally, these differences in size and weight affect the physiology of individual
dogs including the pace of aging and life expectancy (Greer et al., 2007).
Domestic dogs have been used in research on human hearing for several reasons. The
anatomy and physiology of hearing is similar between humans and canines; domestic dogs have
acted as a model species to study the effects of aging and to extend those results to understand
human hearing across the lifespan (Ison et al., 2010). As mammals evolved alongside each
other, dogs have a hearing mechanism similar enough to that of humans that dogs have made
suitable subjects for studies of vascular and neural structures in the cochlea (Shimada et al.,
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1998). While major similarities in hearing structures are due to a shared evolutionary history as
mammals, domesticated dogs are unique in their role in human lives; dogs not only live in
human homes but perform essential services for humans such as acting as service dogs for
individuals with disabilities, assisting with police and military operations, and herding livestock
(Ison et al., 2010; Scheifele et al., 2012a). Dogs occupy a special place in human lives that
merits studying canine hearing for the sake of providing appropriate veterinary treatment,
including the prevention of hearing loss, for dogs as either a companion or a working animal.
As such, this study investigated canine hearing for purposes relating to canine health care.
Scheifele et al. (2012a) made important observations on the nature of hearing loss in
dogs and the human impulse to anthropomorphize canine companions. Dogs do not rely on
hearing as the primary sense of communication; dogs rely more heavily on smell. While dogs
do not seem to experience the same sense of isolation from hearing loss that humans do, hearing
still plays a role in keeping the dog safe in a home or work environment and can be critical for
the service the dog has been trained to provide, especially for those that act as guides or assist
the military (Scheifele et al., 2012a). For these dogs, understanding the canine auditory system
is important for making decisions about when the dog is no longer capable of fulfilling a job
and should retire for their own and their handler’s safety. Likewise, companion dogs with
hearing loss would need to be trained in an alternate method to vocal commands (such as to
hand signals or light signals) or risk problematic behavior, health risks, and potential surrender.
Making these kinds of decisions relies on the availability of accurate normative data about
canine hearing and information on whether the diverse polymorphism of this species impacts
hearing physiology.
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Anatomy of the Canine Ear
This section provides a brief overview of the structures in the canine ear with an
emphasis on structures that differ from the human ear. As in humans, the ear is divided into the
outer, middle, and inner ear. Starting at the most external point, the outer ear of canines has the
same components as the human outer ear (pinna, external auditory canal, and tympanic
membrane) but with noticeable physical differences. A canine pinna can be either erect or
pendulous and is composed of auricular cartilage covered in haired skin (Njaa et al., 2012). The
muscles of the pinnae vary in number by breed and act to move the pinnae to aid in localization
of sound. The opening of the ear canal faces dorsolaterally and the path of the canal is divided
into a vertical and horizontal segment. As the proximal portion of the auricular cartilage is
funnel-shaped, this forms the vertical section of the canal, which then deviates medially to form
the horizontal section of the canal (see Figure 1). As in the human ear, the ear canal is lined in
epithelial tissue containing both sebaceous and ceruminous glands, which secrete oils that
combine with epithelial cells to create the emulsion of cerumen (Njaa et al., 2012). The ear
canal terminates medially at the tympanic membrane, which is oriented at a 45-degree angle
relative to the horizontal canal. As noted by Shiu et al. (1997), the length and volume of the ear
canal could vary widely between breeds given the large range of head sizes across the variety of
breeds.
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Figure 1
Schematic of the Canine Ear

Note. Used with permission from Njaa et al. (2012).

Although unsedated otoscopy is difficult in canines due to the sharp bend of the ear
canal, if the tympanic membrane is visualized, so too might the malleus—the first of the middle
ear ossicles. Canines have the same ossicles as humans (malleus, incus, and stapes) but the
manubrium of the malleus, referred to as the stria mallearis in the veterinary literature, is hookor C-shaped with the concave aspect facing rostrally (Njaa et al., 2012). The tympanic cavity is
an air-filled space similar to the human middle ear space but with a larger ventral area called the
tympanic bulla. Separating the tympanic cavity from the tympanic bulla is an incomplete bony
ridge, the septum bulla, which abuts the petrous portion of the temporal bone (Njaa et al., 2012).
Muscular attachments of the tensor tympani and the stapedius muscles and innervation of these
muscles are homologous in canines and humans. The eustachian tube in humans, simply called
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the auditory tube in canines, connects the rostral portion of the tympanic cavity to the
nasopharynx (Njaa et al., 2012).
The footplate of the stapes connects to the oval window of the cochlea and seated in the
petrous portion of the temporal bone. The cochlea is longer in canines and spirals 3.25 times
compared to the 2.5 turns in the human cochlea (Uemura, 2015). This increase in turns of the
cochlea results in a longer basilar membrane that is able to code for the frequency range of
canine hearing from 67 Hertz (Hz) to 45 kHz (Strain, 2012). The organ of Corti is housed
within the cochlear duct; canines have a similar three to four rows of outer stereocilia and three
rows of inner sensory stereocilia (Uemura, 2015). Aside from the length and number of turns of
the cochlea, the inner ears of dogs and humans are identical and have the same features as other
mammalian cochleae (see Figure 1) including the three fluid-filled cochlear compartments
(scala vestibuli, scala media or the cochlear duct, and the scala tympani), innervation, and
vascular supply (Strain, 2012; Uemura, 2015). Likewise, the central auditory pathways are
identical with differences in terminology due to the orientation of the brainstem for humans as
bipeds and canines as quadrupeds. For example, the canine auditory pathway courses through
the caudal colliculus, which in humans is the homologous structure called the inferior colliculus
(Uemura, 2015).
Causes of Hearing Loss in Canines
It is important to consider the effects of various causes of hearing loss in canines and
how the established methods of testing canine hearing might or might not detect hearing loss
based on the affected anatomy. The following sections introduce the most common causes of
hearing loss in canines.
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Congenital and Pigment-Associated
Deafness in Canines
As in humans, congenital deafness in canines has many influencing factors. As reported
by Strain (2018), congenital deafness has been observed in over 100 breeds of dog (see Table 1)
with the great majority of these breeds exhibiting pigment-associated deafness. Although the
exact mechanisms are yet to be identified for many breeds (Strain, 2004), alleles associated with
the differentiation and migration of melanocyte precursor cells during embryogenesis are the
primary cause of congenital deafness. Melanocytes are critical to the function of the stria
vascularis in maintaining the balance of potassium necessary for the endocochlear potential in
mammals (Steel & Barkway, 1989). Thus, a lack of melanocytes in the stria causes a
sensorineural hearing loss early in development onwards that would be detected by both
otoacoustic emission (OAE) and BAER testing methods.
Genes associated with pigmentation, the most visible role of melanocytes, have been
investigated on canine chromosomes 9, 10, 15, and 20 for a relation to congenital deafness
(Strain, 2012) including those related to the piebald, merle, harlequin, and Irish spotting
phenotypes. The mutations on these genes that cause the associated pigmentation pattern, such
as piebald, suppress melanocytes to create white coat patterns and are often accompanied by
blue irises. These phenotypic traits of white or dilute-colored coat and blue irises are therefore
associated with deafness because of the impact on the stria vascularis from suppressed
melanocytes. However, the pattern of inheritance for deafness associated with these genes is
complex and does not parallel the inheritance of the pigmentation pattern, implying that other
unidentified genes related to deafness might also be involved (Strain, 2012).
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Table 1
Dog Breeds with Reported Congenital Deafness
Akita
Alapaha Blue Blood Bulldog/Otto Bulldog
American Bulldog
American-Canadian Shepherd
American Eskimo
American Hairless Terrier
American Staffordshire Terrier
Anatolian Shepherd
Australian Cattle Dog
Australian Kelpie
Australian Shepherd
Australian Stumpy-tail Cattle Dog
Beagle
Belgian Sheepdog/Groenendael
Belgian Tervuren
Bichon Frise
Border Collie
Borzoi
Boston Terrier
Boxer
Brittney Spaniel
Bulldog
Bullmastiff
Bull Terrier
Canaan Dog
Cardigan Welsh Corgi
Catahoula Leopard Dog
Catalan Shepherd
Cavalier King Charles Spaniel
Chihuahua
Chinese Crested
Chow Chow
Cocker Spaniel
Collie
Coton de Tulear

Dalmatian
Dappled Dachshund
Doberman Pinscher
Dogo Argentino
English Bulldog
English Cocker Spaniel
English Setter
Foxhound
Fox Terrier
French Bulldog
German Shepherd
German Shorthaired Pointer
Goldendoodle
Great Dane
Great Pyrenees
Greater Swiss Mountain Dog
Greyhound
Havanese
Ibizan Hound
Icelandic Sheepdog
Italian Greyhound
Jack/Parson Russell Terrier
Japanese Chin
Kangal Shepherd Dog
Keeshond
Kuvasz
Labrador Retriever
Lhasa Apso
Lowchen
Maltese
Manchester Terrier
Miniature Pinscher
Miniature Poodle
Mongrel
Newfoundland Landseer

Note. Used with permission from Strain (2012).

Norwegian Dunkerhound
Nova Scotia Duck Tolling Retriever
Old English Sheepdog
Papillon
Pekingese
Perro de Carea Leones
Pit Bull Terrier
Pointer/English Pointer
Presa Canario
Puli
Rhodesian Ridgeback
Rat Terrier
Rottweiler
Saint Bernard
Saluki
Samoyed
Schnauzer
Scottish Terrier
Sealyham Terrier
Shetland Sheepdog
Shih Tzu
Shropshire Terrier
Siberian Husky
Soft Coated Wheaten Terrier
Springer Spaniel
Sussex Spaniel
Tibetan Spaniel
Tibetan Terrier
Toy Fox Terrier
Toy Poodle
Walker American Foxhound
West Highland White Terrier
Whippet
Yorkshire Terrier
n = 104

Additionally, deafness has been observed in certain breeds more than others, which is a
concern for both owners and breeders. To determine the prevalence of deafness by breed, Strain
(2004) examined data from 11,300 dogs collected from 1986 to 2002 with information on the
hearing status and phenotypes of the dogs. The author included eight breeds at risk for pigmentassociated congenital deafness: Dalmatian, English setter, English cocker spaniel, bull terrier,
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Australian cattle dog, whippet, Catahoula leopard dog, and Jack Russell terrier. The highest
prevalence of deafness was recorded in Dalmatians with 29.9% of the 5,333 dogs being either
unilaterally or bilaterally deaf. The lowest prevalence was recorded in English cocker spaniels
with 6.9% of the 1,136 dogs experiencing unilateral or bilateral deafness.
Strain (2004) found significant differences within the included breeds for deafness
associated with coat pigmentation, such that animals expressing the genes for white coats were
significantly more likely to be deaf. Likewise, there was a significant association between
deafness and having blue irises or irises without pigment in one or both eyes. No sex differences
for deafness prevalence were seen in this study, implying that future studies would have no need
to balance the sex of subjects for concerns regarding pigment-associated congenital deafness.
Three breeds—the Dalmatian, English setter, and English cocker spaniel—demonstrated a
significant association between the parents’ and subject’s hearing status such that if one or both
parents exhibited a hearing loss, the subject was significantly more likely to also experience a
hearing loss. However, there was no clear inheritance pattern for those breeds and this
association did not hold true for the other breeds included in the study. The author
acknowledged the lack of association might be due to missing data on the parental hearing
status for the subjects within the remaining breeds (Strain, 2004).
With this study, Strain (2004) established the prevalence for pigment-associated
congenital deafness in eight breeds, statistically connecting white coat color and blue eye color
to congenital sensorineural deafness. These phenotypes and the associated likelihood of
congenital deafness would be important for future studies to consider when selecting a study
population. However, study participants could be screened using either OAE or BAER testing
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to confirm normal hearing. The remainder of this section addresses causes of acquired hearing
loss.
Canine Otic Pathologies
Otic pathologies affecting the outer, middle, or inner ear are similar in canines and
humans with some notable exceptions. An exhaustive description of pathologies was outside the
scope of this review so this section introduces the most common pathologies affecting hearing
and how these pathologies would influence hearing testing results.
While congenital hearing loss is typically sensorineural in nature, pathologies affecting
the outer and middle ear are conductive by definition as these pathologies impede the transfer of
sound to the inner ear. Additionally, while it is possible for conductive pathologies to be
congenital, such as ear canal atresia, most were acquired and had a later onset (Strain, 2012). Of
primary concern for testing canine hearing are otitis media, otitis externa, middle ear effusion,
cerumen impaction, and ear canal inflammation from foreign bodies. Each of these conditions
has the potential to create a conductive hearing loss that would prevent the stimuli from OAE
testing reaching the cochlea and accurately assessing cochlear function. These conditions might
also impact BAER testing by increasing thresholds and increasing absolute latency of the
waveform (Cole, 2012).
While all breeds are at risk for cerumen impaction, ear canal inflammation from foreign
bodies like grass seeds, mites, and fungal or bacterial otitis externa, particular breeds are more
susceptible to developing otitis media (Cole, 2012). Cole (2012) described primary secretory
otitis media (PSOM) as clinically overrepresented in the Cavalier King Charles spaniel (CKCS)
breed, meaning this pathology occurred more often in this breed than others. Hayes et al. (2010)
performed a study on the CKCS breed to explain this overrepresentation of otitis media. In
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humans, this pathology is frequently a consequence of eustachian tube dysfunction or the result
of craniofacial abnormalities (Cole, 2012). Since brachycephalic breeds like the CKCS have a
selectively bred craniofacial abnormality (the shortened snout characteristic of these breeds), the
authors hypothesized this abnormality contributed to the high prevalence of PSOM. Hayes et al.
conducted magnetic resonance imaging (MRI) scans on the pharyngeal conformation of 68
CKCS and measured the thickness of the soft palate and the cross-sectional area of the
nasopharynx at the level of the auditory tube. These tissues were chosen because of their effect
on preventing adequate drainage of the auditory tube, which could lead to otitis media or
PSOM. These measures were compared to scans of a control group of other dogs with a
brachycephalic conformation (28 boxers) and a control group of dogs with a mesocephalic
conformation (13 cocker spaniels). The authors used the same MRI scans to evaluate if material
was present in one or both tympanic bullae. If no material was present, the dog was considered
normal or unaffected by otitis media with effusion (OME) but if material was present in one or
both tympanic bullae, the dog was considered to have unilateral or bilateral OME, respectively.
Hayes et al. (2010) found that dogs with a brachycephalic conformation were
significantly more likely to exhibit OME than dogs in the mesocephalic group. However,
although 54% of dogs of the CKCS breed exhibited OME compared to 32% of the
brachycephalic control group of boxers, this difference was not statistically significant,
indicating a CKCS was not significantly more likely to exhibit OME than other brachycephalic
breeds. Hayes et al. also found a significant association between the presence of bilateral OME
and increased soft palate thickness as well as decreased area in the nasopharynx. While these
authors acknowledged the etiology of OME was multifactorial, they also provided evidence that
breeds with a brachycephalic conformation were more susceptible to otitis media. It was worth
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noting that while 54% of the CKCS and 32% of the boxers exhibited imaging consistent with
OME, all dogs were reported to be clinically normal (i.e., exhibiting no signs of neurologic
disease or otitis) by their owners. For this reason, unless future studies use mechanisms such as
OAE testing to screen brachycephalic dogs for OME or PSOM, these dogs could exhibit an
artificially high threshold on BAER testing as a result of a conductive hearing loss despite
owner reports of normal hearing.
Effects of Noise on Canine Hearing
Noise is a well-documented cause of hearing loss in humans and indeed is one of the
most common causes of acquired sensorineural hearing loss (Kramer & Brown, 2019). Damage
from noise exposure typically affects the stereocilia of outer hair cells in the cochlea but could
involve the tectorial membrane, induce metabolic changes to the hair cells, rupture Reissner’s
membrane, and damage inner hair cells (Kramer & Brown, 2019). Given the similarities in
hearing anatomy and physiology between humans and canines, there were no obvious reasons
why canine hearing would not also be deleteriously affected by noise exposure. However,
noise-induced hearing loss in canines has not been extensively studied and how noise affects
canine hearing is not well understood. In humans, noise-induced hearing loss begins with
damage and, subsequently, hearing loss in the 3-6 kHz region (Kramer & Brown, 2019) but it is
not clear if the same range is affected for canines.
Since this damage occurs in the cochlea, OAE, auditory steady-state response (ASSR),
and tone-burst BAER testing would detect this type of hearing loss. Scheifele et al. (2012b)
used the BAER testing technique to examine the impact of noise exposure on canine hearing.
These researchers evaluated the level of noise at which dogs were exposed to in a typical kennel
environment and if this level of noise had a measurable impact on the hearing levels of dogs
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after an exposure period of six months. Two environments, a shelter kennel and a kennel in a
veterinary teaching facility, were used for sound level measurements to represent the noise in a
typical kennel environment. Twenty-two dogs between two and three years old were present in
each of these environments. Project veterinarians performed a physical health assessment on all
dogs present in the veterinary teaching facility and excluded those with evidence of health
problems, resulting in a subject pool of 14 dogs receiving hearing assessments. However, all 22
dogs were present for noise measurements and contributed to the ambient noise of the facility.
The dogs selected to participate in BAER testing underwent an otoscopic examination and were
determined to be free of otitis externa and cerumen impactions. These dogs were all mixed
breeds and supplied to the veterinary technology program by a research breeder.
The dogs selected to participate in the hearing assessment portion of this study
underwent BAER testing on three occasions (Scheifele et al., 2012b). Tests took place at times
coinciding with when noise assessments in the kennel were also made: 48 hours after the dogs
arrived in the veterinary kennel, three months into the experiment, and near the end of the dogs’
six-month stay in the kennel. Since there was no information available on the dogs’ noise
exposure prior to beginning this experiment, Scheifele et al. (2012b) took the first BAER test as
the baseline hearing level for each dog to determine what effects noise in the kennel would have
on hearing thresholds. A BAER waveform was collected for each dog in the right ear only for
the sake of simplicity since all dogs needed to be tested on the same day under sedation and
presumably any hearing loss resulting from noise exposure would be equal between left and
right ears. Rather than performing a true threshold search, the researchers ran the BAER test
using a click stimulus at predetermined intensities (equivalent to 53.5, 59.3, 72.3, 77.3, 86.6,
and 93.3 dB peak equivalent sound pressure level [peSPL]) with the hearing threshold taken as
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the lowest intensity level at which Wave V could be repeatedly measured (Scheifele et al.,
2012b).
Environmental noise measurements revealed continuous sound levels in the kennel in
excess of 100 dBA (Scheifele et al., 2012b). This noise level exceeded the safety standard set by
the Occupational Safety and Health Administration (1983) for human noise exposure without
hearing protection for eight hours so assuming that noise affects canine hearing similarly to
human hearing, this would be an unsafe level of noise for canines as well. All dogs undergoing
BAER testing had an initial test revealing baseline hearing sensitivity better than 53.5 dB
peSPL, suggesting unimpaired hearing. By the end of the six-month study, all dogs exhibited a
shift of the lowest observable response level of Wave V ranging from 5.8 to 33.2 dB peSPL
with a median shift of 23.8 dB peSPL higher than baseline, indicating poorer hearing than
baseline measurements. Scheifele et al. (2012b) demonstrated that canine hearing was
deleteriously affected by noise. However, since the responses were elicited from broadband
clicks and not from tone burst stimuli, information about whether noise-induced hearing loss
followed human patterns or which frequencies were most affected by noise remained unknown.
Venn et al. (2014) explored this topic using a well-known source of noise in humans—
the MRI machine. The authors based their study on previously reported temporary threshold
shifts in humans resulting from exposure to the noise of MRI scanners, which were recorded to
peak at sound pressure levels of 131 dB SPL. Venn et al. used distortion product otoacoustic
emissions (DPOAE) testing on one or both ears of 36 dogs (66 ears) before and after exposure
to an MRI scan and compared the results to a control group of 17 dogs (28 ears) undergoing
quiet procedures. Any dogs with otic disease or previous hearing impairment were excluded.
All dogs were under anesthesia at the times they were tested and were anesthetized for similar
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durations (1 hour and 13 minutes for the MRI group and 1 hour and 30 minutes for the control
group). The mean age of the dogs in the MRI group was 3.9 years, ranging from 0.5 to 10 years
old. The group of control dogs had a mean age of 6.9 years, ranging from 1 to 12 years old.
However, since the authors were investigating the effect of noise on these dogs, no statistical
study was conducted to evaluate if age had an impact on the baseline DPOAE amplitudes of the
dogs.
Venn et al. (2014) chose DPOAE testing to facilitate frequency-specific comparisons of
cochlear function across 14 pairs of frequencies ranging from 0.84 kHz to 8.0 kHz. These
authors found a mean reduction in DPOAE amplitude across all frequencies for dogs that
underwent MRI scans compared to the control group. This reduction was statistically significant
at five frequency pairs—three of which (1.0, 4.0, and 4.76 kHz) were within the frequency
range where the MRI noise reached peak amplitude—with the greatest losses in DPOAE
amplitude around 4 kHz. It should be noted that the noise produced from MRI machines is a
broadband signal so while the noise peaked around 1.5 kHz and seemed to have the largest
effect on DPOAE amplitudes around 4 kHz, it was possible other unmeasured frequency
regions were also affected. As mentioned previously, canines have a hearing range up to 45 kHz
but the authors only measured DPOAE amplitudes up to 8 kHz due to limitations of the
equipment. Additionally, since DPOAEs were measured immediately after the conclusion of the
MRI for the experimental group or the conclusion of the quiet procedure for the control group,
it was not clear if the decrease in cochlear function seen in the MRI group was temporary or
permanent. Venn et al. provided evidence consistent with other studies that noise exposure had
deleterious effects on canine hearing and added that the frequency range where the peak
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intensity of the noise stimulus occurred might have had an influence on which areas of the
cochlea were most affected by that noise.
Effects of Aging on Canine Hearing
As mentioned previously in this review, aging is a process that affects all systems of an
organism and is a complex interaction of genetics, exposure to trauma or toxins over the
lifetime, and nutrition. Bellows et al. (2015) provided a review that summarized the effects of
aging across canine systems, including musculoskeletal, cardiac, gastrointestinal, cognitive, and
respiratory changes in addition to the special senses. Along with reminding the reader that aging
affects the entire organism, Bellows et al. (2015) included a note that age-related hearing loss
(ARHL) in canines does not in of itself represent a health risk but does concern owners,
handlers, and veterinarians on the basis of safety and quality of life for the dog. In the
discussion of the whole-body perspective on aging, these authors cited recent studies
confirming the conclusions of Shimada et al. (1998) that age-related changes in canine inner ear
anatomy mirrored changes in humans and expanded upon that early work by using objective
testing procedures. The remainder of this section addresses those findings.
Strain et al. (2016) sought to determine if geriatric dogs exhibited hearing loss in a
pattern similar to humans. These researchers compared the DPOAE amplitude from 2–12 kHz
at 2 kHz steps for geriatric dogs to a control group. The geriatric group was 28 dogs with an
average age of 12.2 years (+/- 2.2 years). Since the size of a breed could influence the life
expectancy, and thus what age should be considered geriatric, geriatric onset was calculated for
each dog breed based on the size of the breed (small to giant) and average lifespan for that size.
The control group was 15 dogs with an average age of 5.9 years (+/- 3.0 years). The authors did
not describe inclusion criteria for the canine subjects; likewise, no health history or breed data
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were described for the subjects. These data were relevant to this study since particular breeds
were more prone to congenital hearing loss or to chronic ear disease (Strain, 2012) and ear
infections might affect DPOAE results by creating a conductive hearing loss. Likewise, a
history of exposure to ototoxic medications would create a sensorineural hearing loss unrelated
to the dog’s age (Strain, 2012). Strain et al. hypothesized DPOAE amplitudes would be reduced
in geriatric dogs, especially in the mid to high frequencies of the canine hearing range.
Strain et al. (2016) found the DPOAE amplitudes of the geriatric group to be
consistently lower than those of the control group with significant differences from 6–12 kHz.
However, the authors did not find any significant correlations between DPOAE amplitude and
age, meaning DPOAE amplitude did not decrease as a function of age regardless of the size of
the breed. The authors suggested that perhaps age-related hearing loss began much earlier than
expected in canines, indicating a need for a comparative study among young, adult, senior, and
geriatric canines. While Strain et al. (2016) included a control group for comparison, the age
range for that control group extended past the eight-year age at which beta-amyloid peptide
begins to accumulate in the canine brain, a biochemical criterion for considering dogs geriatric
(Schütt et al., 2015).
Ter Haar et al. (2008) performed a landmark cross-sectional and longitudinal study on
aging in canines to determine the prevalence and electrophysiologic characteristics of ARHL.
These authors used three groups of 10 dogs with different mean ages but similar body weights
(medium sized, 10–23 kg) to control for breed sized-based effects on lifespan. Group I had a
mean age of 1.9 years, group II had a mean age of 5.7 years, and group III had a mean age of
12.7 years. Ter Haar et al. compared hearing thresholds collected using tone-burst BAER testing
across the three groups and followed the thresholds of group II for seven years. For both the
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cross-sectional and longitudinal study, the authors tested thresholds at 1, 2, 4, 8, 12, 16, 24, and
32 kHz by performing a threshold search in 10 dB steps.
In the cross-sectional study, Ter Haar et al. (2008) found the hearing thresholds of the
oldest group of dogs, group III, were significantly higher than the thresholds of groups I and II
at all frequencies tested. Group II had significantly higher thresholds than group I at 4 kHz only.
Within group III, the highest absolute thresholds were in the 8–32 kHz range with a significant
difference between these high frequency thresholds and lower frequencies. Groups I and II did
not display a significant difference between high and low frequency thresholds, indicating age
affected thresholds at all frequencies and also affected high frequency thresholds more than low
frequency thresholds.
In the longitudinal study, Ter Haar et al. (2008) followed the dogs of group II for seven
years. Thresholds were obtained every 12–24 months for each dog until the dog displayed a
marked increase in thresholds, reached the median age of group III, or was removed from the
study for unrelated reasons. Only three of the dogs in group II were alive at the end of the
seven-year study period; the others had been euthanized during the study due to chronic illness.
Ter Haar et al. found the thresholds for this group progressively increased starting around 8–10
years of age and demonstrated the largest changes in the 8–32 kHz range. Within this group,
thresholds were significantly higher in the 8–32 kHz range at a mean age of 12 years compared
to the thresholds of the same dogs at a mean age of six years, aligning with the results of the
cross-sectional study. With this study, Ter Haar et al. provided evidence that medium-sized (10–
23 kg) dogs demonstrated signs of ARHL beginning at eight years old with the 8–32 kHz range
being the most affected by aging. However, the authors acknowledged the sample size was
small with only 10 dogs in each age group and only three dogs surviving to the end of the

21
longitudinal study. Likewise, it was not clear what differences might occur in a study population
of dogs with various sizes.
In a related study, Ter Haar et al. (2009) used a group of 10 geriatric dogs and a control
group of three young dogs to compare hearing thresholds and morphological changes in the
cochlea. The group of geriatric dogs had a mean age of 12.7 years and the authors did not state
if these dogs were the same dogs included in the Ter Haar et al. (2008) cross-sectional and
longitudinal study. The control group had a mean age of nine months. Continuing in the work of
Shimada et al. (1998), Ter Haar et al. (2009) performed a histological examination but
expanded upon previous studies by performing tone-burst BAER testing on the subjects as well.
These authors counted the number of outer and inner hair cells and determined the density of
spiral ganglion cells and cells in a cross-section of the stria vascularis.
Ter Haar et al. (2009) found similar results to Shimada et al. (1998) in that all geriatric
dogs demonstrated a combination of cochlear lesions. These authors found a significant
reduction in the number of outer and inner hair cells, a lower density of spiral ganglion cells at
the basal end of the cochlea, and a lower density of cells in the stria vascularis in all turns of the
cochlea for the geriatric group of dogs. Additionally, the tone-burst BAER testing at 1, 2, 4, 8,
12, 16, 24, and 32 kHz was consistent with the results of Ter Haar et al. (2008), demonstrating
increased thresholds in the 8–32 kHz range for the geriatric group compared to the control
group. Although this study did not have a robust sample size, Ter Haar et al. (2009) provided
support for the indications of Shimada et al. that ARHL in dogs and humans was histologically
comparable and connected these changes to demonstrable differences in hearing sensitivity.
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Established Methods of Testing Canine Hearing
Behavioral Testing
Behavioral or subjective methods of testing canine hearing exist in the form of the
Preyer reflex, a movement of the outer ear in response to an unexpected suprathreshold sound
such as a hand clap. While these measures are widely used for screening canine hearing in
shelters and veterinary offices (Shimada et al., 1998), the question remained how accurately
behavioral assessment identified hearing loss since the stimulus is not standardized and the
subject’s response could be affected by many environmental factors including the bias of the
observer. Mason et al. (2013) sought to determine the validity of behavioral testing by
comparing a subjective assessment of canine behavior to objective BAER testing. The authors
gave a questionnaire to 100 dog owners whose dogs had been referred to a veterinary hospital
for chronic otitis assessment. The questionnaire included items regarding the owner’s
observations of the dog’s response to household noises. The dogs were assessed for the
presence of otitis and given a BAER test to measure hearing thresholds. Mason et al. found the
owner’s subjective assessment correctly identified when a dog’s hearing was in the normal
range but did not reliably detect hearing loss of any degree outside the normal range.
Brainstem Auditory Evoked
Response (BAER) Testing
Due to the unreliability of behavioral testing in detecting hearing loss, objective testing
measures are the preferred method of assessing canine hearing. The most common objective
method is the BAER test, which is known by many names but perhaps most commonly the
auditory brainstem response test. The primary differences between a human BAER test and a
canine BAER test, as presented by Scheifele and Clark (2012), are the morphology of the
resulting waveform, the type of electrodes used, and the lack of a standardized BAER protocol.
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As in the human test, the canine BAER test uses far-field recordings of the time-locked and
consistent responses of cranial nerve VIII and lower brainstem auditory nuclei to repeated clicks
or tone burst stimuli.
The BAER test is an evoked potential test technique in which the first 10 ms of neural
activity are recorded and analyzed (Webb, 2009). The first five positive peaks of this response
are the most clinically relevant for assessing hearing ability in small animals and are labelled in
Roman numerals I–V as demonstrated in Figure 2. Wave V is the most prominent with a large
amplitude peak followed by a steep negative trough and often in canines, Wave IV merges into
Wave V creating only four identifiable peaks often labelled as I, II, III, and V (Scheifele &
Clark, 2012). The morphology and latency of the waveform and its peaks are analyzed to
determine the hearing ability of the animal being tested with certain patterns of results
indicating particular pathologies. The latency of the waveform to appear after the stimulus is
presented is referred to as the absolute latency and the time passed between peaks of the
waveform is referred to as interpeak latency. Later absolute latencies are typical of a conductive
hearing loss, whereas increased interpeak latencies and poor morphology indicate a
retrocochlear hearing loss. However, other factors such as stimulus intensity relative to the
animal’s hearing threshold would also affect the latency and morphology of the waveform
(Strain, 2012). Questions remain on whether the length of the auditory pathway, dependent on
the head size of the dog, also affects the latency at which the waveform occurs.

24
Figure 2
Example of a Normal Brainstem Auditory Evoked Response Waveform with Labelled Peaks

Note. Used with permission from Kemper et al. (2013).
In nonhuman animals, subdermal needle electrodes are used for BAER testing since the
thicker hair coat on these animals would produce unacceptably high levels of electrical
impedance using surface electrodes (Kemper et al., 2013). The subdermal electrodes are placed
in three locations on the canine. A positive or noninverting electrode is placed at the vertex
(Cz), a negative or inverting electrode is placed just anterior to the tragus of the test ear (Ai),
and the common electrode is placed on the same location on the nontest ear (Ac; Webb, 2009).
Scheifele and Clark (2012) addressed the lack of a standardized protocol for canine
BAER testing by citing the need for normative data for canines, which would require a
standardized stimulus presentation rate and bandwidth filter settings, and the use of peakequivalent sound pressure level (peSPL) in reporting stimulus intensity. Additionally, Scheifele
and Clark addressed a discrepancy in the testing requirements of the Orthopedic Foundation for
Animals (OFA) protocol for screening puppies for congenital and pigment-associated deafness.
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The OFA accepts a puppy showing a repeatable Wave V at 90 dB peSPL as a normal hearing
puppy; however, this level represents suprathreshold hearing as it is clearly higher than normal
hearing sensitivity.
Conflicting Evidence on the Effect of
Head Size on the Brainstem Auditory
Evoked Response Test
The assumption that head size would affect the latency of the BAER waveform was
based on the idea that as the skeletal size of the cranium increased, so too would the underlying
neural and brainstem structures. This assumption was supported by the work of Meij et al.
(1992). These authors collected cranium and brainstem measurements from 32 postmortem
canines and found that indeed as head size increased, so too did the size of the brainstem. Based
on this finding, the authors then collected BAER waveforms from another 43 dogs. The dogs
were of various breeds, body weights, ages, and head sizes. A correlation analysis demonstrated
that increases in head size, termed “cranium distance” by these authors, the absolute wave
latency of all waves and the interpeak I-V latency also increased. The correlation was highly
significant for the absolute latency of Wave V and the interpeak I-V latency (Meij et al., 1992).
With this study, Meij et al. demonstrated not only that the assumption of increasing head size
being associated with increasing brainstem size was accurate but also that increasing head size
was associated with increased absolute and interpeak latencies in the BAER waveform.
Munro et al. (1997) conducted a similar study investigating head size using two groups
of dogs with similar head sizes rather than the continuum of head sizes used by Meij et al.
(1992). The rationale for these authors was based on human studies that found females had
slightly shorter BAER latencies, presumably because of a smaller head size and smaller brain
dimensions (Mitchell et al., 1989). Based on previous findings supporting this association
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between head size and brain dimensions in dogs, Munro et al. compared the absolute BAER
latencies and the interpeak I-V latency between 20 Dalmatians and 20 Jack Russell terriers. The
authors selected these breeds because they differed substantially in size and included an equal
number of males and females of each breed. Despite the attention to balancing the sex of
subjects, the authors found no significant differences between the latencies of male or female
dogs within the same breed. The Dalmatians, being larger, exhibited longer absolute Wave V
latencies and longer Wave I-V interpeak latencies than the smaller Jack Russells. However,
these differences in latencies were not statistically significant. With this study, Munro et al.
provided evidence that for the canine BAER test, sex did not appear to influence latency.
Additionally, although absolute and interpeak latencies increased with head size, the difference
was not large enough to be statistically or clinically significant.
Shiu et al. (1997) made a landmark attempt at establishing normative data for the BAER
test in canines. These authors studied two breeds that differed in head size, since this was
believed to be a contributing factor to latency values, and sought to provide normative data for
both threshold and neurodiagnostic testing. The subjects were 20 Dalmatians (9 male and 11
female) and 20 Jack Russell terriers (10 male and 10 female) ranging in age from three months
to seven years. Each dog came from a breeding lineage without a known history of deafness and
was given a physical examination by a veterinarian. Any dog exhibiting otologic disease or ear
pathology was excluded from the study. All dogs were sedated for testing and tested in a
method consistent with that described by Scheifele and Clark (2012) using a broadband click
stimulus. Threshold estimation procedures began with testing first at 75 dB for a normal human
adult hearing level (nHL), which the authors estimated to be 110 dB peSPL, and descending in
10 dB steps until Wave V could no longer be identified. While the dogs were sedated for
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testing, Shiu et al. took measurements of ear canal volume for seven of the Jack Russell terriers
and 12 of the Dalmatians. The mean volume for the ear canal of a Jack Russell terrier was
similar to a human ear canal at 1.6 cc while the mean volume for a Dalmatian ear canal was 5.4
cc.
Shiu et al. (1997) found no statistical difference in hearing threshold on the basis of head
size but they did find latencies for the diagnostic testing were significantly different between
breeds. Absolute and interpeak latencies were significantly shorter for Jack Russell terriers but
were not associated with head size within the breed as had been expected. The mean threshold
for Dalmatians was 0 dB nHL and for Jack Russell terriers, it was -4.7 dB nHL but this
difference was not significant. Also noted was the difference in ear canal volume between the
breeds produced a sound pressure 7 dB lower for the Dalmatian, perhaps accounting for the
higher thresholds in that breed. The authors did not address if the significant difference in
absolute and interpeak latencies was associated with ear canal volume. Shiu et al. demonstrated
in this study that canine hearing thresholds in the 2–3 kHz region best represented by the click
stimulus were similar to the hearing thresholds of humans. Additionally, the size differences
exhibited by various breeds resulted in differences in ear canal volume that might impact BAER
latencies.
In contrast with Shiu et al. (1997), Kemper et al. (2013) conducted a similar study and
found no clinically significant differences based on breed or head size for BAER latencies,
thresholds, or morphology. These authors took head measurements and performed BAER
threshold searches on 43 dogs from 14 breeds. Head size had been assumed to make a
difference in latency based on the distance from the inverting to the noninverting electrode.
Kemper et al. calculated this distance by measuring the sites of electrode placement between
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ears and from the top of the head to the level of the occipital bone. These two measurements
were used to calculate the distance from the inverting to the noninverting electrode. The average
head sizes of the breeds included in the study ranged from the Pomeranian, with a head size of
4.55 cm, to the Bull Mastiff with a head size of 20.1 cm. While the average interpeak and
absolute latencies varied by breed, none of the differences were clinically significant.
Additionally, the p-values for the mean absolute latencies of Waves I and V and the Wave I-V
interpeak latency were greater than the authors’ chosen statistical significance level of p < .05.
It was worth considering that while Shiu et al. (1997) had fewer breeds represented in
the study population, those authors included more individuals of each breed. Kemper et al.
(2013) had more breeds represented but fewer individuals of each breed. This difference in the
study populations might have contributed to the difference in findings on latency between these
two studies. Thus, while these studies agreed that head size and breed had no significant impact
on BAER morphology or threshold, the effect on absolute and interpeak latencies was not well
agreed upon. This discrepancy in findings warrants further investigation.
Otoacoustic Emissions (OAEs)
As with BAER testing, the OAE test is an objective measure that might be either
spontaneous or evoked from a patient. Evoked OAE tests are frequently used as a screening
measure on humans to determine the function of outer hair cells in the cochlea. A probe is
inserted into the ear canal, a stimulus is presented, and a response from the outer hair cells is
measured. The stimulus might be either a click for the transient evoked OAE (TEOAE) or two
pure tones presented at different intensity levels for the distortion product OAE (DPOAE).
Although the canine ear canal is shaped differently than the human canal and the canine cochlea
is longer to accommodate the increased frequency range of canine hearing, the anatomical
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structures being assessed with OAE testing are largely equivalent for humans and canines
(Uemura, 2015). As Scheifele and Clark (2012) reported, the major difficulty in performing an
OAE test on a dog was the inability to get a firm seal of the probe within the ear canal to attain
an appropriate signal-to-noise ratio. The authors noted sedation as an option to address this
concern; however, hearing protection devices made for dogs such as Mutt Muffs® could also be
used to improve the signal-to-noise ratio.
Although OAE testing could be conducted more quickly than BAER testing and was
less invasive, the question remained if the results of the two tests were equivalent. A study by
Gonçalves et al. (2012) addressed this question by performing BAER, DPOAE, and TEOAE
testing on anesthetized dogs. These authors had a study population divided in two groups of
dogs, all free of neurologic disease and hearing impairment. The first group consisted of 10
dogs, all of which underwent BAER testing as well as DPOAE and TEOAE testing of each ear
three times. The second group consisted of 43 dogs that underwent DPOAE and TEOAE testing
one time in each ear. Gonçalves et al. found both DPOAE and TEOAE testing provided valid
results equivalent to BAER testing for identifying hearing and non-hearing ears while providing
the additional benefits of a frequency-specific assessment of cochlear function.
Auditory Steady-State Response
(ASSR)
The auditory steady-state response (ASSR) test is performed in a similar manner to
BAER testing but with a frequency- or amplitude-modulated stimulus. The neural response
recorded in this test is steady in amplitude and phase relative to the stimulus and follows the
frequency of the stimulus modulation (Scheifele & Clark, 2012). For the neural structures to
react to the modulation frequency, the cochlea must be sensitive to the carrier signal. For
example, when testing sensitivity to 2000 Hz, a tone of that frequency would be amplitude-
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modulated at a rate of 70 Hz. The measured neural response follows the 70 Hz modulation,
indicating a tone of 2000 Hz was sensed. Via this method, frequency-specific hearing thresholds
might be estimated, though as Scheifele and Clark (2012) noted, this technique required the
canine to be still. Of the three methods of assessing canine hearing, the ASSR test is the least
utilized.
Markessis et al. (2006) studied the ASSR response of 32 beagle puppies to find the
optimal modulation parameters for using ASSR to obtain frequency specific threshold
measurements. The authors compared the ASSR results from amplitude- and frequencymodulated stimuli against stimuli that were amplitude-modulated only and compared the
optimal parameters against tone burst BAER results to determine the equivalency of these tests.
The beagle puppies were selected from six litters between the ages of 6 and 9.8 weeks and were
sedated for the ASSR test. The researchers tested the puppies for frequency-specific thresholds
by presenting carrier signals at 0.5, 1, 2, 4, and 8 kHz over the modulation rates of 21, 51, 101,
151, 176, and 199 Hz for the various modulation types. In addition to finding the threshold for
hearing each of these frequencies and modulation rates, the authors measured the time spent in
finding the threshold to assess the efficiency of ASSR versus BAER. For this study, threshold
was defined as the lowest intensity level that yielded a replicable response (Markessis et al.,
2006).
Markessis et al. (2006) found the modulation rate was subject to a high-pass profile such
that the optimal modulation rate for 0.5, 1, and 2 kHz was 101 Hz and the optimal modulation
rate for 4 and 8 kHz was 151 Hz. Modulation type had no effect on hearing thresholds or the
duration of the test. The threshold results from the ASSR and BAER tests yielded no statistical
evidence of a difference between the two tests, indicating the ASSR threshold results were

31
equivalent to the BAER results. Additionally, the authors reported the average duration of a test
to find frequency-specific hearing thresholds in a sedated puppy for ASSR was 50 minutes
compared to the duration of a tone burst BAER test of 135 minutes. Markessis et al. used these
results to argue that ASSR is therefore a valid method to gain frequency-specific threshold
information more rapidly than BAER testing for sedated dogs.
Due to the range of etiologies that could affect canine hearing and the variety of effects
these etiologies could have, it was important to determine the normative values for canine
hearing. These values would be particularly useful for objective measures of assessing the
canine auditory system. Given that the BAER test is more widely used than ASSR testing and
assesses more of the auditory pathway than OAE testing does, this objective measure would
benefit the most from having normative values established. Impeding the determination of
normative values was the question of whether the wide variety of head sizes seen across the
many breeds of the domestic dog affected the absolute and interpeak latencies recorded by
BAER testing as previous studies have provided conflicting evidence regarding this matter.
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CHAPTER III
METHODOLOGY
Subjects
The purpose of this doctoral scholarly project was to examine the effect of head size on
the absolute latency of Wave I, the absolute latency of Wave V, and the Wave I-V interpeak
latency in the canine BAER test. Following Institutional Animal Care and Use Committee
approval (see Appendix A), 40 canines were recruited for this study and divided into three
groups based on head size. One group consisted of dogs with a small-sized head such as
Chihuahuas, pugs, and French bulldogs. The second group consisted of dogs with a mediumsized head such as border collies and pitbulls. The third group consisted of dogs with a largesized head such as Anatolian shepherds, mastiffs, and Bernese mountain dogs. Dogs could have
been mixed in breed or of unknown breed and were sorted into groups based on head size
measurement only as detailed below. These canines were volunteered by their owners who were
at least 18 years of age and signed a written consent at the time of testing (see Appendix B).
Subjects were recruited via flyers sent to pet supply stores, vet offices, and groomers in the
Greeley, Colorado area; social media posts; and word of mouth. Interested owners were asked
questions to screen the dog being volunteered to ensure the dog met age and health history
requirements.
To avoid maturation effects and the effects of age-related hearing loss, all dogs were
between one and eight years old. Any dog with an owner reported history of neurologic or otic
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disease (including recurrent otitis media), previous use of ototoxic drugs, any known hearing
loss, or exposure to hazardous sound levels (i.e., hunting dogs) was excluded from the study.

Head Size Measurement
Head size was calculated using the procedure established by Kemper et al. (2013). A
caliper was used to measure the distance between the placement of the common and noninverting electrodes, referred to as the “tymp-to-tymp” measurement. Electrodes were placed
and measurements were taken from the temporal portion of the temporomandibular joint on
either side of the dog’s head. For the second measurement, a caliper was also used to measure
the distance from the stop to the occipital bone, referred to as the “occ-to-stop” measurement. A
visual representation of these measurements is shown in Figure 3. These two measurements
were used to calculate head size according to the formula established by Kemper et al. (2013):

Figure 3
Illustration of the Occ-to-Stop and Tymp-to-Tymp Measurements
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A small-sized head was defined as a head size less than or equal to 12 cm, a mediumsized head was defined as a head size between 13 and 14 cm, and a large-sized head was
defined as a head size greater than or equal to 15 cm. The head size group cutoffs were based on
the resulting head sizes from dogs fitting the body mass descriptions of small, medium, and
large dogs. There was no well-established standard for categorizing head size in dogs so these
group cutoffs were essentially arbitrary but followed the pattern of groupings from previous
authors. Previous authors utilized varying methods for quantifying head size. To evaluate
differences in results that might have resulted from these various measurement methods, the two
most common methods of measurement were collected and recorded for all subjects. Head sizes
calculated using the Pythagorean theorem-based method from Kemper et al. (2013) were
defined as head size as compared to head width that utilized only the tymp-to-tymp
measurement. Measurements were taken by University of Northern Colorado’s Facility for
Education and Testing of Canine Hearing and Laboratory for Animal Bioacoustics
(FETCHLAB™) personnel prior to testing.
Recording Equipment
All BAER recordings were done using the Intelligent Hearing Systems USB Box with
SmartEP software installed on a Windows laptop. Calibration of this system was current within
one year. The stimulus was presented to the canine subjects using standard ER-2 insert
earphones placed into the external auditory meatus of the ear being tested.
Brainstem Auditory Evoked Response
Recording Procedure
Data collection took place at the University of Northern Colorado in Gunter Hall room
0430. Personnel of the university’s FETCHLAB completed a wellness check on each subject
immediately prior to testing including pulse and respiration rate, and a screening for
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abnormalities related to ocular, dental, dermatological, or neural health that would preclude
BAER testing.
Dogs were tested without sedation. To aid in keeping dogs calm and amenable to testing,
a Thundershirt™ was available in an appropriate size for each subject and FETCHLAB
personnel gently restrained the dog. The researcher applied a small amount of topical analgesic
(2.5% lidocaine, 2.5% prilocaine) to the canine’s skin at the site of each subdermal needle
electrode placement and allowed 15 minutes for the analgesic to soak into the skin and
accomplish numbing. Rhythmlink disposable subdermal bent needle electrodes (13 mm length,
0.4 mm diameter) were placed at Cz (apex of the head), A1 (just below the tragus of the left
ear), and A2 (just below the tragus of the right ear). To ensure consistent placement of the
electrode at Cz, when measuring the head size of a subject, the researcher marked halfway
between the occ-to-stop and tymp-to-tymp measurements with chalk. The impedance of each
electrode was measured prior to testing and did not exceed 3,000 ohms. The electrode at Cz was
the non-inverting (positive) electrode and the electrodes at A1 and A2 acted as the inverting
(negative) electrode and common electrode with the side of the test ear having the inverting
electrode and the contralateral ear having the common electrode.
Brainstem auditory evoked response acquisition parameters were set to the University of
Northern Colorado FETCHLAB standard canine BAER protocol with the intent to replicate the
absolute and interpeak latency measurements of Kemper et al. (2013) as summarized in Table 2.
Brainstem auditory evoked response recordings were elicited using a 100 µsec broadband click
stimulus with 12,000 Hz broadband power spectra. Testing was done on each ear of the subjects
separately within the same testing session to ensure similar absolute latencies between ears;
however, only the right ear results were used for analysis, which was consistent with previous
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studies on this matter. Animals demonstrating a difference in latency between ears of more than
0.4 ms were excluded due to the possible presence of otic or neurologic disease. The BAER
recordings were obtained using a stimulus intensity of 102 dB peSPL. At least two recordings
were obtained in each ear to ensure adequate reproducibility based on visual inspection by the
tester during testing. The polarity of the stimulus was rarefaction. The stimulus was presented at
a rate of 35.1 clicks per second for a minimum of 750 sweeps up to 1000 sweeps. The high-pass
filter was set at 100 Hz and the low-pass filter was set at 1500 Hz. An absolute gain of 100,000
was used with an artifact rejection rate of less than 20%. Two waveforms were collected to
ensure the BAER response was repeatable and these waveforms were summed together.

Table 2
Brainstem Auditory Evoked Response Testing Acquisition Parameters
Stimulus type

Broadband click, 12,000 Hz broadband power spectra

Stimulus length

100 µsec

Stimulus intensity

102 dB peSPL

Stimulus presentation rate

35.1 clicks per second

Sweeps collected per tracing 1000
Tracings collected per ear

2, summed with software

High pass filter

100 Hz

Low pass filter

1500 Hz

Absolute gain

100,000

Artifact rejection rate

≤20%
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Descriptive Analysis
Brainstem auditory evoked response results for latency measurements and morphology
were assessed using the waveform resulting from the 102 dB peSPL stimulus following the
procedure of Kemper et al. (2013). Morphology was assessed by the presence of Wave I and
Wave V. Animals not exhibiting this morphology were excluded based on the possible presence
of an otic or neurologic pathology. Absolute peak latencies were defined as the time from
stimulus onset to the positive peak of each wave and were measured to the closest 0.01 ms.
Since the absolute peak latencies of the initial waveform and the replication waveform differed
slightly, the two peak latencies were summed between the waveforms. Interpeak latencies were
calculated from the recorded or averaged peak latencies. All results were reviewed by licensed
audiologists.
A minority of subjects exhibited a Wave IV-V complex in which Wave V appeared as a
“shoulder” on the following edge of the peak of Wave IV. Similar to the methods of head
measurement, labelling and measurement of this formation had been inconsistent by previous
authors. Figure 4 demonstrates the two possible methods of labelling the same Wave IV-V
complex. In A, Wave V is marked as the shoulder following Wave IV. In B, Wave V is marked
as the peak preceding the steep slope typically used to identify Wave V. Measurements made
using the method demonstrated in A are referred to as marking the shoulder, whereas
measurements made using the method in B are referred to as marking the peak only.
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Figure 4
Alternate Methods of Labelling a Wave IV-V Complex

Note. A. Shoulder Measurement and B. Peak Only Measurement

Statistical Analysis
Following the procedure of Kemper et al. (2013), means and standard deviations were
calculated for absolute and interpeak latencies for each group of subjects. A single factor
analysis of variance (ANOVA) was performed between the three groups of subjects for each
absolute peak latency and the Wave I-V interpeak latency. It was worth noting that arbitrary
cutoff values for head sizes were used to form the groups of subjects in this study as there were
no well-established criteria for large-, medium-, or small-headed dogs. Despite the arbitrary
nature of the group cutoff values, a group-wise comparison was still useful since future
endeavors to establish normative values would likely be examining values for groups of dogs
rather than along a continuum. For example, although age was a continuous variable, normative
values for the human BAER grouped subjects by age, with group age cutoffs being arbitrary
until further investigation found where significant differences between groups were (Jiang et al.,
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1991). Additionally, a correlational analysis was performed to examine trends in the data using
head size as a continuous variable rather than examining the subjects in groups. A simple linear
regression was performed using head size and head width as continuous variables as well to
determine if the trends revealed by the correlational analysis were significant. A p-value of ≤
.05 was used to reflect statistical significance for the analyses in this study.
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CHAPTER IV
RESULTS
This doctoral scholarly project was designed to examine the effect of canine head size
on three major landmarks used for analyzing the BAER waveform: the absolute latency of
Wave I, the absolute latency of Wave V, and the interpeak I-V latency. Successful BAER
waveform collection was achieved for 34 subjects. Six additional recruited subjects met
inclusion criteria but were unable to complete the testing procedure due to availability of the
owner, excessive body movement creating a high artifact recording, or excessive fear behavior
exhibited by the subject resulting in abandoning testing for that subject. Head measurements
were collected for the 34 subjects who completed testing along with the absolute latencies of
Wave I and V, providing the calculation of the interpeak I-V latency for each subject. All
measurements for the subjects are provided in Appendix C.
Head sizes ranged from a minimum of 8.19 cm to a maximum of 18.46 cm (mean of
13.60 cm ± 2.91 cm). Wave I latencies ranged from a minimum of 1.40 ms to a maximum of
2.03 ms (mean of 1.68 ms ± 0.16 ms). Wave V latencies ranged from a minimum of 3.48 ms to
a maximum of 4.75 ms (mean of 4.07 ms ± 0.28 ms). Interpeak I-V latencies ranged from a
minimum of 1.82 ms to a maximum of 2.75 ms (mean of 2.39 ms ± 0.34 ms).
When assessing the absolute latency of Wave V, a minority of subjects (7 of 34)
exhibited a morphology with a shoulder on Wave V. Figure 5 illustrates the difference between
a waveform without a shoulder on Wave Vand a waveform with a shoulder on Wave V. For
subjects who exhibited a visible shoulder, measurements were taken of absolute and interpeak
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latency for Wave V from the peak and from the shoulder to evaluate differences in correlation
with head size based on these measurements.
Figure 5
Difference Between a Waveform Without a Shoulder on Wave V and a Waveform With a
Shoulder on Wave V

Note. A. Waveform of Subject 40 Without a Visible Shoulder on Wave V.
B. Waveform of Subject 26 With a Visible Shoulder on Wave V.
Absolute and interpeak latencies were analyzed for a relationship to head size using a
correlational analysis. Additionally, since authors had previously conducted these analyses
using either a head width measurement (Shiu et al., 1997), equivalent to the tymp-to-tymp
measurement, or a calculated head size measurement based on the Pythagorean theorem
(Kemper et al., 2013), both of these values were used for correlational analysis. Finally,
analyses were conducted using the latency of the shoulder of Wave V if present and the latency
of the peak of Wave V if no shoulder was present.
Analysis of Wave V Absolute Latency
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Calculated head size (in cm) was associated with the absolute latency of Wave V with
an R2 value of 0.1883 when the absolute latency of Wave V was measured from the peak only.
When absolute latency of Wave V was measured from the shoulder if present, the association
with calculated head size had an R2 value of 0.2268, indicating a stronger relationship. Head
width, assessed by the tymp-to-tymp measurement, was associated with the absolute latency of
Wave V peaks only with an R2 value of 0.1397, indicating a weaker relationship than when
using calculated head size. When absolute latency of Wave V was measured from the shoulder
if present, the association with head width had an R2 value of 0.2526, indicating a stronger
relationship than when using the peak of Wave V only as well as a stronger relationship than
when using calculated head size rather than head width. This R2 value indicated head width
accounted for 25.26% of the variation in the absolute latency of Wave V when measured from
the shoulder if present. Notably, for both measures of head size, a stronger relationship was
observed when using the absolute latency of the shoulder of Wave V if present rather than using
the latency of the peak only. Figure 6 demonstrates these differences in strength of association.
A single factor ANOVA was run to evaluate the statistical significance of the three head
size groups (small, medium, and large) on the absolute latency of Wave V. Results, as displayed
in Tables 3 and 4, demonstrated a significant difference (p ≤ .05) between the head size groups
for the absolute latency of Wave V. Student’s T-tests demonstrated that the differences between
groups were significant between the large and small groups and the medium and small groups.
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Figure 6
Head Size and Head Width Associations with Wave V Absolute Latency

Table 3
Summary of Single Factor Analysis of Variance Examining Head Size (in cm) and Absolute
Latency of Wave V
Groups
Large heads

Count
14

Sum
59.18

Average
4.23

Variance
0.09

Medium heads

12

48.63

4.05

0.01

Small heads

8

30.60

3.83

0.07
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Table 4
Source of Variation of Single Factor Analysis of Variance Examining Head Size (in cm) and
Absolute Latency of Wave V
Source of
Variation
Between Groups

SS
0.83

df
2

MS
0.41

Within Groups

1.87

31

0.06

Total

2.70

33

F
6.86

P-value
0.003402

F crit
3.30

Finally, the results of a linear regression analysis demonstrated that the relationship
between head size and the absolute latency of Wave V when measured from either the peak or
shoulder, as well as head width and the absolute latency of Wave V for both methods of
marking the latency, was significant (p ≤ .05). Again, these analyses demonstrated that the
relationship between head size or head width became stronger when measuring the absolute
latency of Wave V from the shoulder rather than the peak even though both measurements
yielded statistically significant associations. The results of all linear regression analyses are
displayed in Table 5.
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Table 5
Results of Linear Regression Analyses for All Measurement Conditions
Head measurement
method
Head size (cm)

Parameter
Wave I absolute latency

Estimate
0.0301

Standard
Error
0.0081

t Ratio
3.69

p-value
0.0008*

Head size (cm)

Wave V (peak) absolute latency

0.0469

0.0172

2.73

0.0103*

Head size (cm)

Wave V (shoulder) absolute latency

0.0573

0.0141

4.07

0.0003*

Head size (cm)

I-V Interpeak latency (peak)

0.0169

0.0164

1.03

0.31210

Head size (cm)

I-V Interpeak latency (shoulder)

0.0342

0.0112

3.06

0.0044*

Head width

Wave I absolute latency

0.0999

0.0320

3.11

0.0039*

Head width

Wave V (peak) absolute latency

0.1521

0.0667

2.28

0.0294*

Head width

Wave V (shoulder) absolute latency

0.1856

0.0564

3.29

0.0024*

Head width

I-V Interpeak latency (peak)

0.0522

0.0620

0.84

0.40680

Head width

I-V Interpeak latency (shoulder)

0.1084

0.0437

2.48

0.0186*

* indicates a statistically significant relationship.
Analysis of Wave I Absolute Latency
Head size (in cm) was associated with the absolute latency of Wave I with an R2 value
of 0.2984, indicating head size explained 29.84% of the variation in absolute latency values for
Wave I. This correlation is demonstrated in Figure 7. Similarly, head width as measured by the
tymp-to-tymp measurement was associated with the absolute latency of Wave I with an R2 value
of 0.2326, indicating head width explained 23.26% of the variation in Wave I absolute latency.
The results of linear regression analyses demonstrated that both head size and head width had a
statistically significant relationship with the absolute latency of Wave I as shown in Table 6.
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Figure 7
Correlation Between Head Size and Wave I Absolute Latency

Head Size (cm) by Wave I Absolute Latency

2.5
2
1.5
1
0.5
0

0

5

y = 0.0301x + 1.2663
R² = 0.2984

10

15

20

A single factor ANOVA was run to evaluate the statistical significance of the three head
size groups on the absolute latency of Wave I. Results are displayed in Table 5 and indicated a
significant difference (p ≤ 0.05). Student’s T-tests revealed that differences between groups
were significant only between the large and small groups for Wave I absolute latency.

Table 6
Summary of Single Factor Analysis of Variance for Head Size (in cm) and Absolute Latency of
Wave I
Groups
Large heads

Count
14

Sum
24.61

Average
1.76

Variance
0.03

Medium heads

12

19.88

1.66

0.01

Small heads

8

12.48

1.56

0.02
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Table 7
Source of Variation of Single Factor Analysis of Variance Examining Head Size (in cm) and
Absolute Latency of Wave I
Source of
Variation
Between Groups

SS
0.21

df
2

MS
0.10

Within Groups

0.64

31

0.02

Total

0.85

33

F
4.96

P-value
0.013552

F crit
3.30

Analysis of Interpeak Latency
Head size (in cm) was associated with the interpeak I-V latency when using the peak of
Wave V (not including measurements from the shoulder) with an R2 value of 0.0319, indicating
a weak relationship between these variables. This association is demonstrated in Figure 8.
However, when using the latency value of the shoulder of Wave V if present and using the
value for the peak if not, the R2 value was 0.2268, indicating a stronger relationship between the
variables as demonstrated in Figure 9. Similarly, when using the head width or tymp-to-tymp
measurement, the R2 value of interpeak latencies using Wave V peaks only was 0.0216 but
using the shoulder of Wave V when available yielded an R2 value of 0.1611, a stronger
relationship.
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Figure 8
Correlation Between Head Size and Interpeak Latency Using Wave V Peak Only

Head Size (cm) by Interpeak Latency Using Peak
Only
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Figure 9
Correlation Between Head Size and Interpeak Latency Using Wave V Shoulder

Head Size (cm) by Interpeak Latency Using
Shoulder
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So the difference in measurement type used (calculated head size or head width) did
result in differences in the strength of the relationship with interpeak latency—0.0319 and
0.0216, respectively. However, the point of measurement for the absolute latency of Wave V
resulted in larger differences in correlation for head size in cm being 0.0319 versus 0.2268,
perhaps accounting for why some authors reported a significant difference of interpeak latency
based on head size and others did not. Additionally, the results of linear regression analyses on
the associations between the methods of quantifying head size and the methods of measuring
the absolute latency of Wave V further demonstrated that the point of measurement (either the
peak or the shoulder) altered whether the relationship was statistically significant. As reported
in Table 5, when measured from the shoulder, both head size and head width had a significant
relationship (p ≤ .05) with the interpeak I-V latency. However, when measured from the peak,
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neither head size nor head width demonstrated a significant relationship with interpeak I-V
latency.
A single factor ANOVA was run to determine the statistical significance of the three
head size groups on the interpeak I-V latency. Results, as displayed in Tables 8 and 9,
demonstrated a significant difference (p ≤ .05) between the head size groups for the interpeak
latency. Student’s T-tests revealed the differences between groups were significant for the large
and small groups and the medium and small groups.

Table 8
Summary of Single Factor Analysis of Variance for Head Size (in cm) and Interpeak I-V
Latency
Groups
Large heads

Count
14

Sum
34.80

Average
2.49

Variance
0.05

Medium heads

12

28.75

2.39

0.02

Small heads

8

17.84

2.23

0.03
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Table 9
Source of Variation of Single Factor Analysis of Variance Examining Head Size (in cm) and
Interpeak I-V Latency
Source of
Variation
Between Groups

SS
0.33

df
2

MS
0.17

Within Groups

1.11

31

0.04

Total

1.45

33

F
4.63

P-value
0.017342

F crit
3.30
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CHAPTER V
DISCUSSION AND CONCLUSIONS
Research Questions, Hypotheses, and Data
It was hypothesized that as head size increased across the study population, so too would
the absolute latencies of Wave I and Wave V. Results from this study supported these
hypotheses. A correlational analysis demonstrated that differences in head size could explain up
to 29.84% of the variation in Wave I absolute latency and up to 25.26% of the variation in
Wave V absolute latency with both latencies increasing as head size increased. Notably, the
strength of the correlation decreased to as low as 13.97% when using only the peak of Wave V
(not measuring the latency from a shoulder if it was present). It was also hypothesized that the
method of measuring head size would not affect the strength of the relationship between the
variables. The results of this study did not support this hypothesis as quantifying head size as
either a calculated measurement using the tymp-to-tymp and occ-to-stop measurement or as
head width using just the tymp-to-tymp measurement altered the strength of the correlation. A
stronger relationship was observed between calculated head size and Wave I absolute latency
than between head width and Wave I absolute latency. Conversely, head width demonstrated a
stronger relationship to Wave V absolute latency (as measured from the wave’s shoulder if
present) than calculated head size. In addition to the correlational analyses, a single factor
ANOVA was run comparing head size by group (small, medium, and large) and the absolute
latencies for Waves I and V. These analyses demonstrated a significant difference between the
groups (p < .05).
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It was hypothesized that as head size increased across the study population, so too would
the interpeak latency of Wave I-V. Results from this study supported this hypothesis. A
correlational analysis demonstrated that differences in head size could explain up to 22.68% of
the variation in Wave I-V interpeak latency. Again, the strength of this relationship decreased
notably when the peak of Wave V was measured in such a way that a shoulder on the wave was
ignored. Likewise, using the head width measurement rather than calculated head size produced
a weaker relationship. Using both a head width measurement and using a Wave V latency not
accounting for a shoulder yielded an R2 value of 0.0216, a much weaker relationship than that
observed with using both calculated head size and Wave V latency when marked from the
shoulder of 0.2268. Additionally, a single factor ANOVA was run comparing head size by
groups to the interpeak Wave I-V latency. This analysis demonstrated a significant difference
between the groups (p < .05). Student’s T-tests performed between groups demonstrated that
only the large and small groups were significantly different regarding Wave I absolute latency
(p < .05). Regarding Wave V absolute latency and the Wave I-V interpeak latency, the medium
and small groups and the large and small groups demonstrated a significant difference (p < .05).
Previous authors found conflicting evidence on the effect of head size on BAER
latencies. However, these authors also used varying measurements to quantify head size
including measures of head width and a calculated head size based on the Pythagorean theorem.
The present study utilized and compared both measurements for statistical significance
regarding BAER latencies. Table 10 summarizes the findings of previous authors and the
findings of the present study.
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Table 10
Summary of Findings

Authors
Meij et al., 1992

Method of
Head
Measurement
Head width

Wave I
Absolute
Latency
Not significant

Wave V
Absolute
Latency
Highly
significant

Wave I-V
Interpeak
Latency
Highly
significant

Munro et al., 1997

Head width

Not significant

Not significant

Not significant

Weak
association, not
significant

Shiu et al., 1997

Head width

Significant

Significant

Significant

No association

Kemper et al.,
2013

Calculated
head size

Not significant

Not significant

Not significant

Positive
association
between head
size and latency

Present study

Head width
and calculated
head size

Significant

Significant

Significant

Positive
association
between head
size and latency

Correlational
Analysis
Positive
association
between head
size and latency

Clinical Significance
While statistical significance was noted between differences in head size and Wave I
absolute latency, Wave V absolute latency, and Wave I-V interpeak latency, the differences
observed in this study would not be clinically significant for determining a pass or refer result
for a canine undergoing BAER testing. In the absence of normative data, pass and refer
decisions are based on previously reported clinical values and none of the latency values
obtained in this study were greater than what was typically expected for an adult canine (Ter
Haar et al., 2008). While earlier than expected peaks do not typically impact a pass or refer
decision, the most notable departure from expected clinical values was observed in the absolute
latency of Wave V for small-headed dogs. For these dogs, Wave V was observed as early as
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3.48 ms, over half a millisecond earlier than the 4–5 ms range reported previously for adult
canines (Ter Haar et al., 2008).
It should be noted that the collection protocol used for this study might differ from other
clinics or testing sites and differences in protocol would be expected to result in differences in
the values of latencies collected. For example, using a testing stimulus with a condensation
polarity rather than the rarefaction polarity used in this study might result in latency values
several hundredths of a millisecond different. However, the overall results that increasing head
size was associated with increased latencies would be expected to be consistent with changes in
the acquisition parameters.
The general trend observed in this study that larger head size was associated with
increased Wave I absolute latencies, Wave V absolute latencies, and Wave I-V interpeak
latencies might be clinically useful when applying BAER testing to other larger or smaller
mammals. For example, limited literature existed on BAER testing in animals with very large
heads, such as elephants, but it might be expected that latencies would be generally later in such
large creatures in the presence of normal hearing. Anecdotally, the BAER results of mammals
with larger heads, such as horses and goats through the University of Northern Colorado’s
FETCHLAB, demonstrated Wave V absolute latencies in the later end of the 5–6 ms range,
which were consistent with the findings of Rolf et al. (1987) and reference values used by
Aleman et al. (2014) when testing adult horses. While the body of literature surrounding equine
BAER results was limited, animals with larger heads than canines tended to exhibit later peaks
than canines in the presence of normal hearing. Thus, when attempting to label the Wave V of
an animal with an even larger head, Wave V would be expected to appear even later.
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Additionally, the results of this study highlighted a weakness of using the BAER test as
the gold standard for estimating canine hearing sensitivity. While the BAER test provided a
wealth of useful objective data on canine hearing, the interpretation of the resulting waveform
had room for subjectivity. The varying methods of labelling and measuring the latency of Wave
V when appearing in a Wave IV-V complex were the clearest examples that led to different
strengths of association between the variables in this study. There is a need for standardizing the
labelling of this complex to obtain information on the prevalence of Wave IV in canines as well
as to obtain accurate data on the latency values of Wave V. However, selecting the peak of a
given wave would vary from tester to tester, especially when performing threshold testing at
lower intensity levels when the morphology of the waveform became less clear or when the
BAER test was conducted by an operator with less familiarity of the auditory system. For this
reason, it is important to ensure that BAER testing, whether for research purposes or for
registering a canine with the OFA, is conducted by an operator with the appropriate training.
Study Limitations
A limitation of this study was the relatively small sample size of 34 subjects. While an
association was observed between head size and BAER latencies given this small sample size,
the strength of that association might be increased or decreased given a more robust sample
size. An additional difficulty encountered during data collection was an equipment malfunction
resulting in excess electrical artifact. Although waveforms with excess artifact were discarded
and repeated with the equipment repaired, it is possible even these more favorable recordings
contained more electrical artifact than was truly present.
The lack of standardization in the depth of insertion for the foam insert earphones might
have also represented a limitation of this study. The effects of ear canal length and, similarly,
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the depth of earphone insertion have not been examined in detail in canines but it is possible the
area available for the stimulus to propagate through might need to be accounted for in the same
way the length of the transducer tubing was during calibration. As noted by Shiu et al. (1997),
canines with larger heads exhibited ear canals with larger volumes such that the same intensity
stimulus presented into the ear canal was 7 dBSPL lower when reaching the tympanic
membrane of a Dalmatian as compared to the smaller Jack Russell terrier. While this difference
in sound pressure did not significantly impact the threshold measurements of Shiu et al. (1997),
the difference could impact absolute latencies of the BAER waveform. So, in addition to
standardizing the depth of earphone insertion during testing, it is recommended that future
researchers account for the volume of the ear canal when evaluating differences in BAER
output based on canine head size. Additional research on bone-conducted signals used to elicit a
BAER response might be helpful in this regard since the stimulus would not be conducted
through the ear canal. Recent data from Stone (2021) demonstrated a positive correlation of
similar strength to this study (R2 = 0.2429) between head size and Wave V latency in boneconducted BAER when comparing two groups of dogs with large and small heads. Further
investigation into bone-conducted BAER latencies and head size might help elucidate the
effects of ear canal volume on the latencies of air-conducted BAER waveforms.
A final limitation of this study might be the single channel recording protocol used.
Some subjects exhibited a Wave V shoulder morphology consistent with what would be
described as a Wave IV-V complex in humans. Contralateral channels used in two-channel
BAER recordings have been found to be helpful in waveform identification, particularly
identifying the true peak of Wave V when a Wave IV-V complex is present (Mizrahi et al.,
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1983). It might be recommended to utilize two-channel recordings in future canine studies to
aid in differentiating Waves IV and V.
Conclusions
In summary, the head size of a canine had a significant effect on the BAER waveform.
An association was observed between head size and the absolute latency of Wave I, the absolute
latency of Wave V, and the interpeak Wave I-V latency such that head size accounted for up to
29.84%, 25.26%, and 22.68% of the variation in these latencies, respectively. However, the
strength of these associations was reduced when measuring the peak of Wave V without
accounting for the presence of a shoulder on that wave or when utilizing head width rather than
calculated head size. These differences in measurements used for analysis might account for the
lack of consensus in the literature on whether or not head size indeed had an effect on BAER
latencies. Future researchers would be wise to standardize these measurements and take into
account the head size of the canine when determining normative values for the BAER test
latencies in this species or when attempting to generalize the expected values for latencies to
other larger or smaller species. Based on the strength of association observed when using a
calculated head size measurement, the Pythagorean theorem-based head size measurement is the
method recommended. Likewise, given the strength of association seen with measuring the peak
of Wave V from the shoulder of the Wave IV-V complex, this method is recommended to
future researchers.
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